The prototype of a device on a semi-industrial scale to treat wastewaters from the oil industry has been widely studied as a viable alternative to conventional equipment. The device, called Mixer-Settler based on Phase Inversion (MSPI), uses the phase inversion method as operating principle. Using experimental planning (2 4 factorial with four repetitions in the central point), it was determined the influence of the main variables on the oil/water separation process for waters containing between 30 and 100 mg of oil per liter of water. The following variables were evaluated: specific throughput, organic/aqueous phase ratio, agitation in the mixing chamber, and coconut oil concentration. The response variable was the oil/water separation efficiency. The results show that the separation efficiency of the device is a function of the effective throughput and the organic/aqueous phase ratio.
INTRODUCTION
During the exploration and production of oil and gas, significant amounts of wastewaters are generated. This water often contains high levels of oil and grease (over 2000 ppm, TOG) , in addition to other contaminants such as heavy metals. In order to dispose of or reuse this effluent it must be adequately treated.
The prototype of a semi-industrial scale device, developed by the team of researchers from the Postgraduate Program in Chemical Engineering at the Federal University of Rio Grande do Norte (UFRN), has been tested as an alternative technology to conventional methods. The device is called Mixer-Settler based on Phase Inversion (MSPI). It employs a solvent-assisted method and organic solvent as extracting agent. An organic solvent/vegetable oil mixture can be used to extract oil and heavy metals simultaneously (Oliveira, 2009; Santana, 2007) . The device presented in this study is installed in a wastewater treatment plant (WTP) owned and operated by Petrobras.
Recent studies developed with MSPI at laboratory scale produced excellent oil/water (O/W) separation results, even under different levels of wastewater salinity in producing fields: approximately 73,000 mg NaCl/L for wastewaters from offshore fields, and 1,200 mg NaCl/L from onshore fields ( Data obtained using the semi-industrial MSPI were analyzed by an experimental statistical planning software. Jet-fuel (JF) was used as organic solvent, added with a small amount of natural coconut oil in order to promote the extraction of possible heavy metals present in the water.
The results obtained in this study corroborate those reported in other investigations using MSPI, both at laboratory and semi-industrial scale. The present results show good agreement with those obtained by Fernandes Jr. et al. (2006), who worked with a semi-industrial prototype to treat wastewaters containing high oil concentrations (50 to 150 mg/L).
MATERIALS AND METHODS

System studied
The aqueous phase consisted of water contaminated with petroleum, a wastewater from one of PETROBRAS' WTPs. The organic phase used was composed of a complex mixture of hydrocarbons (jet-fuel, JF) obtained from PETROBRAS. Natural coconut oil, supplied by COCO & CIA (Brazil), was added to the organic phase.
The physicochemical properties of the products involved in this study are shown in Table 1 . 
Operating principle of the MSPI
Hadjiev and Kuychoukov (1989) described the operation of the mixer-settler based on phase inversion (Fig.1) . Primary dispersion, consisting of produced water (aqueous phase) + pure solvent or extractant (organic phase) existing in the mixture chamber (1), is forced to pass by the action of gravity and with velocity U d through a perforated plate disperser (2) that separates the decanter from the mixer. The originally continuous phase (aqueous phase) becomes the dispersed phase inside the decanter in the form of large drops (6), considered as carrier drops because they contain droplets from the preliminarily dispersed phase (organic phase), which are then considered carried drops. Along trajectory H, the carrier drops moves towards the interface (from time t = 0 to t = 3) and the carried droplets move and coalesce in the organic bed (3) of the same nature. Droplets not released into the organic bed during the trajectory can still be recovered near the interface (4). The organic phase exites from the top of the decanter (ORG) at velocity U c , while the aqueous phase is removed from the base (5). Wastewater is suctioned from the wastewater treatment plant outlet and pumped by P-01 to the mixing chamber of the MSPI at the top of the device. This aqueous phase is the first to be admitted into the equipment, becoming the continuous medium in the mixing chamber.
Hadjiev et al. (2004)
The MT-01 mechanical agitator is activated and the organic phase (JF + natural coconut oil) is, then, pumped through P-02 of V-01 accumulator vessel to the mixing chamber, so that the two phasesaqueous and organic -can be admitted in concurrent flow.
The mechanical agitation used in the organic/produced water system is performed to transfer crude oil (and other contaminants, if present) from the aqueous to the organic phase. Dispersal of the solvent transported in oil/water overflows and reaches the pure organic bed over the perforated plate. Dispersion passes through the perforated plate, reaching the settling zone, which is totally filled by the organic phase. The population of water drops, denominated carrier drops, is obtained. The system contains the organic solvent, consisting of the continuous phase and carrier water drops as dispersed phase, inside the MSPI-01 settling zone. Thus, phase inversion occurs with respect to the phases admitted into the mixing chamber. The organic phase transported in oil exits through the top of the MSPI-01 decanting chamber of the MSPI and returns to the V-01 organic accumulator vessel. In this vessel the organic is separated from of the accompanying aqueous and pumped back to the mixing chamber, operating in a closed circuit until total saturation.
The separation efficiency of the MSPI (E%) is calculated using Eq. 1:
where C in and C out are oil (or metal) concentrations in water located at the inlet and outlet of the MSPI (mg/L), respectively.
The concentrations of oil in the produced water were obtained using the standard method for TOG determination (oil and grease contents) by radiation absorption in the infrared region. The HATR-T2 InfraCal ® TOG/TPH (Wilks Enterprise, Inc.) was used to analyze these levels. It should be pointed out that such a principle was adopted by the PETROBRAS' Research Center (Cenpes) for this type of monitoring. For concentrations of metals in water, the ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) technique, which can be applied to a large number of metals, was used. Samples were analyzed at the ANASOL Laboratory (Analytical Solutions Ltda.).
Samples for analysis were collected at two different points, one of which is at the inlet of the device, where a contaminated water sample is collected. The other collection point is located at the outlet at the base of the separation chamber, where a sample of treated water is obtained. Two samples were collected at each sampling point: one for TOG analysis and one for heavy metal analysis. Contaminated and treated water samples were collected after the operation time of the system (t 0 ), calculated with Eq. 2. This equation is recommended in the literature (Trambouze et al., 1984) as a practical rule to calculate the operation time necessary for the device to reach the stationary regime, considering that the outflow is characterized as a plug-in-flow:
The retention time (t r ) is defined as:
where V c is the useful volume of the MSPI (3.8 m 3 ), and Q t is the total effective throughput (m 3 /h), corresponding to aqueous phase flow + organic phase flow. 
MSPI Hydrodynamics
Mixing chamber reactor
Co-current flow is characterized by organic and aqueous phases flowing through the reactor in the same direction. It is considered that the flow regime for the system studied in laboratory and the field is turbulent. Eq. 4 shows the calculation for obtaining the regime in an agitation chamber:
where Re agit is the Reynolds' number for the agitator, N is the rotational speed of the agitator (RPS), d imp is the diameter of the impeller (m), ρ c is the density of the continuous phase (kg/m 3 ), and µ c is the viscosity of the continuous phase (Pa.s).
In the regime condition under study there is no slip between the phases, that is, the displacement velocities of the organic and aqueous phases are considered equal and no segregation occurs between phases. Sufficient energy is applied to the system, through the agitator, to enable total dispersion of the organic phase in the aqueous phase to occur (perfect mixture). Thus, the global course that flows out of the reactor to the mixture chamber consists of a dispersion O/W. The physicochemical properties of the global flow consider the properties of the aqueous and organic elements that it contains. Flow velocity at the outlet of the reactor is the ratio between the total flow of liquids that enter the reactor (aqueous phase + organic phase) and the total flow area in the reactor.
The relationship between the forces of inertia and rigidity in the mixing chamber, represented primarily by interfacial stress, is expressed by Eq. 5.
where We T is the Weber number for the turbine and σ interfacial tension (N/m).
Perforated plate
In this part of the device the continuous phase is the pure organic extractant used to fill the decantation column, the perforated plate, and part of the mixing chamber above the plate. The dispersion O/W that passes through the perforated plate that separates the mixing chamber of the decantation chamber is calibrated in the form of carrier drops containing inside of them the organic phase like carried droplets. The organic phase is recirculated to the system until it reaches saturation in oil. This fact causes gradual changes in physicochemical properties of the fluids. It is noted that the aqueous phase (carrier drop) flows in descending sense, while the organic phase exits the decanter chamber in the top of the device. Flow velocity is proportional to the descending global flow and the total area of the holes of the perforated plate.
Global flow velocity through the holes of the distributor allows the establishment of two hydrodynamic regimes: the drop by drop or jet break-up formation regime. The two mechanisms depend on the physicochemical properties of the system, such as density difference between the phases, dispersion phase density, viscosity of the continuous phase, and interfacial tension.
Kumar and Hartland (1982) estimated the mean diameter of the drops produced in the perforated plate. The mean Sauter diameter, D 32, is given by Eq. 6:
where Eö is the number of Eötvos, We is the Weber number, and d h is the diameter of the hole in the distributor (m).
The equation is valid for 0 We 2.0. The Weber number (We) for the flow of the fluid into a hole is calculated by Eq. 7:
where Δρ is the density difference between phases (kg/m 3 ).
The velocity of the drop in a distributor hole (U N ) is determined by Eq. 8:
where Q t is the total effective throughput into the holes (m 
Decantation chamber
Several authors have observed that this chamber acts like a spray column in terms of hydrodynamic behavior. The hydrodynamic behavior of a spray column is normally related to three characteristic velocities of the system: The continuous phase into the decantation chamber is the pure organic extractant used to fill it and the dispersed phase consists of the aqueous drops formed in the perforated plate (carrier drops), which contains organic phase droplets (carried droplets). Calculation of the resulting velocity of carrier drops displacement towards the base of the decantation chamber is given by Eq. 10.
Carrier drop displacement velocity (U d ) is determined by Eq. 11, which is a simplified Stokes' equation.
where d is the drop diameter of the dispersed phase (m) and μ c is the dynamic viscosity of the dispersed phase (Pa.s).
Ascending velocity of the organic phase (U c ) is given by Eq. 12, which considers the displacement of this phase without the presence of aqueous drops moving within it. 
Experimental Statistical Planning
The Statistica Experimental Design ® 7.0's (StartSoft, Inc.) software was used to study the statistical modeling of MSPI separation. The program plans experiments so that appropriate data are collected at cost-efficient time frame. Analysis of these data using statistical techniques can provide reliable results (Werkema and Aguiar, 1996).
Response surface was the statistical methodology chosen. This optimization technique is based on the use of factorial planning (Myers and Montgomery, 1995). The model allows the evaluation of the relationships between each variable and the result, as well as it predicts the findings and behavior under given experimental conditions. This study used 2 4 factorial-planning with four repetitions at the central point. The following four independent variables that influence separation efficiency of the MSPI were analyzed: effective throughput, dispersed phase retention, concentration of coconut oil dissolved in the organic solvent, and agitation velocity in the mixing chamber. The chamber height was maintained constant at 2m and the oil feed rate ranged from 40 to 100 mg/L.
All previous work with the MSPI defined hold-up or retention of the dispersed phase considering the volumes involved in the mixer of the device. Furthermore, it is considered that the operation performed in this mixer involves a perfect mixture.
The real and coded values are shown in Table 2 .
Mathematical modeling based on physicochemical phenomena involved in the MSPI operation is very complex, since they involve a two-phase flow in which one of the phases is dispersed into the other in the form of drops. So, an empirical approach based on Statistica Experimental Design ® 7.0 software was considered to explain experimental results in this study. 
RESULTS AND DISCUSSION
To obtain improved reliability, all the experiments with the MSPI were conducted in duplicate, for both TOG and heavy metal analysis. The separation efficiency test results are shown in Table 3 , which do not present heavy metal concentration values at the inlet and outlet of the MSPI, as well as their respective extraction efficiencies. This is due to the non-detection of heavy metals during the test period. The nonobservance of metals may have been caused by alternating seasonal periods of heavy metals in the wastewater. In certain periods these waters may show concentrations within the detection limits of the equipment analyzed and even higher than those established by the legislation, as reported by Oliveira (2009) in his study.
It is known that pH has an influence on the extraction/complexation of heavy metals. Since no metals were detected in the water during the studied period, pH analysis was not necessary.
The results show that test 12 had the highest separation efficiency (68.89 %), whereas test 3 was the least efficient, with 24.87 %. A comparison of results shows that the total effective throughput and the dispersed phase retention are determinant variables for increased O/W separation efficiency. It was also observed that better efficiency results are associated with higher agitation speeds.
Model Equation
The data recorded with the experiments were fed to Statistica Experimental Design ® program in order to obtain an empirical model capable of predicting the separation efficiency of the device, within the studied range (-1 to 1, in coded values), for the four variables evaluated (Eq. 13). The regression coefficient (R 2 ), obtained between the observed values and those predicted by the second order statistical model was 0.98463. Thus, Eq. 13, which was adjusted by the program, is statistically significant and useful for predictive purposes (Box  et al., 1978) . Figure 3 depicts the relationship between predicted and observed (experimental) values for separation efficiency of the MSPI. Good correlation can be observed between the related values, a hypothesis confirmed by the value obtained for the regression coefficient.
Response surface analysis
Analyses of contour plots generated by the Statistica Experimental Design ® program, with the O/W separation efficiency of the MSPI as response variable, are presented below. Figure 4 shows a separation efficiency contour plot for a coconut oil concentration of 0.0 %, with fixed agitation speed of 110.0 rpm. Under this specific condition, heavy metal extraction is not performed. The O/W efficiency increased, with the rise in throughput for the entire dispersed phase retention range studied. The best efficiency (66.51 %) was obtained with the highest effective throughput (11.1m 3 /h) and the lowest dispersed phase retention (0.11). Elevated effective throughput associated with reduced dispersed phase retention enabled a larger amount of produced water to pass through the perforated plate. This was close to a jet regime outflow, generating smaller and more uniform carrier drops, facilitating the exit of the carried droplets inside of them. This condition is quite promising for the industry, since it involves high volumes of wastewater using a low throughput of circulating organic phase. Figure 5 shows the contour plot for separation efficiency applied to a coconut oil concentration of 0.1 % v/v; with fixed agitation speed of 110.0 rpm (the addition of coconut oil allows simultaneous separation of crude oil and extraction of heavy metals, if present). As observed earlier, an increase in throughput influences separation efficiency, even with the addition of coconut oil. It was found that in relatively low flow rates, for example 6.5 m 3 /h, the separation efficiency increases when the dispersed phase retention values rise, reaching the highest efficiency rate at 53.64 %. It is estimated that higher dispersed phase retention generates carrier drops with more carried droplets, allowing increased interdrop coalescence, thereby facilitating their separation from carrier drops to the organic bed. This increase in separation efficiency is minimized when higher flow rates are used (11.1 m 3 /h). In this case, the efficiency tends to remain more or less constant over the entire retention range studied (0.11 to 0.31). It should also be pointed out that the presence of coconut oil extractant, diluted in jet fuel solvent, alters the hydrodynamics of the system, making it less stable and hindering control of the interface level. This effect is particularly observed when relatively high throughputs, such as 11.1m 3 /h, are used. Figure 6 shows the contour plot for separation efficiency applied to a coconut oil concentration of 0.2 % v/v, with fixed agitation speed of 110.0 rpm. The highest separation efficiency found in this investigation was 68.69 %. The increase in coconut oil concentration (0.2 %) in the organic phase, conversely, causes the plot area in which the highest separation efficiency occurs to decrease, and restricts conditions of lower flow rates. These results lead the conclusion that, although it is possible to simultaneously remove metals and oil from wastewaters, the operation is limited with respect to processing large throughputs. Depending on the situation, pretreatment to separate oil, followed by final polishing for heavy metal extraction may be more feasible. This observation becomes even more relevant when the presence of heavy metals in produced water is not always found at levels beyond those permitted by law. In Figure 6 , it can be observed that the separation efficiency increases with increasing dispersed phase retention values.
CONCLUSIONS
Operating MSPI without the addition of coconut oil is a suitable technique indicated for the separation of oil and water only. The increase in effective throughput, at all retention values of the dispersed phase retention studied, results in an increase in separation efficiency, where the best result was obtained for the lowest retention level (0.11). It was concluded that it is possible to operate at low dispersed phase retentions with high effective throughputs. This operational condition is of interest to the industry because it represents an economy of solvent volume and the possibility of treating a greater volume of water for the same operation time, resulting in better device performance.
In the case of simultaneous treatment of wastewater, O/W separation and heavy metal extraction, the addition of coconut oil is an important variable for O/W separation efficiency. The addition of this extractant to jet-fuel may alter the physicochemical properties of the system. The high viscosity of coconut oil (Table 1) suggests that the presence of this extractant, until that in small concentrations, may modify organic phase viscosity, influencing MSPI hydrodynamics. Thus, with pure solvent a higher specific flow rate can be used, which is not possible in the presence of the extractant.
Considering this variable, the region of highest efficiency moves to the range of high retention in the dispersed phase and low flow rates. The best equipment performance, represented by a separation efficiency of 68.89 %, was obtained with the addition of a higher ratio of coconut oil to the organic solvent (0.2 % v/v). For the system studied, this separation efficiency meets water quality standards established by environmental agencies (< 20 mg/L).
MSPI is a promising technology for treating wastewater in the oil industry under conditions of contaminated water with low oil concentrations (< 100 mg/L) and traces of heavy metals. The results obtained with experimental planning will be compared to those of dimensional analysis, in which dimensional groups are based on the physicochemical properties of the liquid phases involved.
